
Beauty Physics at CERN

Niels Tuning - 30 April 2013
Teacher Programme, 13 Aug 2024



LHCb

§ Why particle physics?

§ Why LHCb?

§ Results

§ Higgs and LHCb



Particle Physics 

Study Nature at small distances < 10-15 m

atom                          nucleus                                    

Quantum theory describes phenomena down to 10-18 m
(Compare: 10+18 m = 100 lightyear)

10-15 m



Powers of ten …

Universe
1026 m

Milky way
1021 m

Solar system
1013 m

Earth
107 m

Spider
10-2 m

Atom 
10-10 m

Nucleus
10-15 m

Collissions
10-18 m
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Complete History of the Universe
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State of affairs in 2024

http:// pdg.lbl.gov
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What can one construct of these 3 building blocks?

periodic system
of Mendeleev

Everything!
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Elementary Particles
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Is this all?
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Anti-matter

Revolutions previous century:
– Theory of relativity

– Quantum Mechanics 

Paul Dirac (1928): relativistic quantum theory!  

For each matter particle there is 
an anti-matter particle 

Anti-matter particles:
• Same mass
• Opposite charge
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How do you make anti-matter??

e+ e-

Albert Einstein: 
E=mc2

matter + antimatter = light !
(and vice versa)

e+ e-



Anti-matter in hospitals:
the PET-scan

e+e-® g g



What is yet unknown:



I. What is yet unknown? “Anti-matter”

Where did the anti-matter go?

No anit-matter with
satellites

No anti-matter 
galaxies



II. What is yet unknown?  “Higgs”

Mass of particles
Neutrino’s 
Electron     

Muon         

Tau             

up,down, strange

Top quark

bottom

charm

The Higgs boson:
ensures that particles have mass 
in the theory

Curious prediction:

(Partially answered on July 4, 2012 !)



We only studied 4% of the content of the Universe…!

Temperature fluctuations Rotation-curves Gravitational lens

What is
dark matter?

III. What is yet unknown?  “Dark matter”



What is yet unknown? Three Big Questions

I. Anti-matter??
(where did it go)

III. Dark matter??
(what clustered the galaxies)

II. Higgs?? 
(what makes particles heavy)

10-10 s ~ 100 GeV

102 s ~ 100 keV

109 yr 



•Waar is de Anti-materie heen?

Astronomy Particle
Physics

Fundamental
(curiosity driven)

research





Classical collissions

Quantum mechanical collissions
proton proton

•Slide 26



What do you expect?

Precise mathematical 
predictions exist for 40 years!



With the LHC at CERN:

1) Transform energy into matter!

How do we discover new particles?



With the LHC at CERN:

1) Transform energy into matter!

2) New particles change predictions

How do we discover new particles?



ATLAS
LHCb

ALICECMS



ATLAS
LHCb

1) Transform energy 
into matter

2) New particles change 
predictions



23 sep 2010                  19:49:24
Run 79646        Event 143858637

The LHCb Detector



Quantum mechanical collissions
proton proton



LHCb in numbers

500 μb ® 
120.000 events / sec
( L=1033 )

~100,000 B events per sec
(compare: in ATLAS : 1 Higgs in 100 sec)

1011 B events per year
(compare: Babar has in total 109 B events)

5 kHz to tape
(compare: ATLAS  writes 200 Hz)



LHCb: study the B particle 
1) Find differences between matter and anti-matter

2) Find new particles

b
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LHCb: study the B particle 

     Find new particles



LHCb: study the B particle 

2) Find new particles

b s

μ

μ

B0s→µµ

B0s→µµ?



LHCb: study the B particle 

•b •s

•μ

•μ

•B0s→µµ!

Only 3 in a billion B particles decay to 2 muons

Do new particles exist?
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Background only



LHCb: study the B particle 

•b •s

•μ

•μ

•B0s→µµ!

Only 3 in a billion B particles decay to 2 muons

Do new particles exist?
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LHCb: study the B particle 

•b •s

•μ

•μ

•B0s→µµ!

Only 3 in a billion B particles decay to 2 muons

Do new particles exist?
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Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s ! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫µ and B0

s ! K�µ+⌫µ (black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0
s ! µ+µ�)= (2.9+1.1

�1.0(stat)
+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3%. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CLs

method [38] is used, to set an upper limit on the
branching fraction. The method provides CLs+b, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CLb,
a measure of the compatibility with the background-
only hypothesis, and CLs = CLs+b/CLb. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CLs. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4



LHCb: study the B particle 

•b •s

•μ

•μ

•B0s→µµ!

Slechts 3 op de miljard B deeltjes vervalt naar 2 muonen

Bestaan er nieuwe deeltjes?
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Figure 1: Mass distribution of the selected B0
(s) ! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid, and the di↵erent components are detailed.

of 4.6% and 10.9%, respectively. The dependence is approximately linear in the physically
allowed Aµ+µ�

�� range.
For the B0

s ! µ+µ� lifetime determination, the data are background-subtracted with
the sPlot technique [41], using a fit to the dimuon mass distribution to disentangle signal
and background components statistically. Subsequently, a fit to the signal decay-time
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0

s candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0

s ! µ+µ� signal to be
simplified by removing most of the B0 ! µ+µ� and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e�ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.

The mass fit includes the B0
s ! µ+µ� and combinatorial background components.

The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.

The variation of the trigger and selection e�ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡� decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world

6
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of 4.6% and 10.9%, respectively. The dependence is approximately linear in the physically
allowed Aµ+µ�

�� range.
For the B0

s ! µ+µ� lifetime determination, the data are background-subtracted with
the sPlot technique [41], using a fit to the dimuon mass distribution to disentangle signal
and background components statistically. Subsequently, a fit to the signal decay-time
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0

s candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0

s ! µ+µ� signal to be
simplified by removing most of the B0 ! µ+µ� and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e�ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.

The mass fit includes the B0
s ! µ+µ� and combinatorial background components.

The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.

The variation of the trigger and selection e�ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡� decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world

6

Theory :
B(Bs

0 → µ+µ− ) = (3.65± 0.23)×10−9

B(B0 → µ+µ− ) = (1.06± 0.09)×10−10

full mass range are 37 ± 2 B0
(s)! h+h0�, 161 ± 6 B0! ⇡�µ+⌫µ, 31 ± 3 B0

s
! K�µ+⌫µ,

53± 4 B0(+)! ⇡0(+)µ+µ�, 7± 3 ⇤0
b
! pµ�⌫µ and 28± 1 B+

c
! J/ µ+⌫µ decays.

The B0
s
! µ+µ�, B0! µ+µ� and B0

s
! µ+µ�� branching fractions are determined

with a simultaneous unbinned maximum-likelihood fit [55] to the dimuon mass distribution
in the BDT regions of the Run 1 and Run 2 data sets, with BDT > 0.25. The fractions of
B0

(s)! µ+µ� yield in each BDT region and the parameters of the Crystal Ball functions [42]
describing the shapes of the mass distribution are Gaussian constrained according to their
expected values and uncertainties. The combinatorial background in each BDT region
is described by an exponential function with the yield and slope allowed to vary freely,
but the slope parameter is common to all regions within a given data set. Each other
background is included as a separate component in the fit. Their yields as well as the
fractions in each BDT region are Gaussian-constrained according to their expected values,
while their mass shapes are determined from simulation and fixed in the fit, separately in
each BDT region. Figure 1 shows the fit results projected on the dimuon mass distribution
for BDT > 0.5.

The branching fractions of the B0
s
! µ+µ�, B0! µ+µ� and B0

s
! µ+µ�� decays

obtained from the fit are

B(B0
s
! µ+µ�) =

�
3.09+0.46+0.15

� 0.43� 0.11

�
⇥ 10�9 ,

B(B0! µ+µ�) =
�
1.2+0.8

� 0.7 ± 0.1
�
⇥ 10�10 ,

B(B0
s
! µ+µ��) = (�2.5± 1.4± 0.8)⇥ 10�9 with mµµ > 4.9GeV/c2 .

The statistical uncertainty is obtained by re-running the fit with all nuisance parameters
fixed to the values found in the default fit. The systematic uncertainties of B(B0

s
! µ+µ�)

and B(B0! µ+µ�) are dominated by the uncertainty on fs/fd (3%) and the knowledge
of the background from specific processes (9%), respectively. The correlation between
the B0 ! µ+µ� and B0

s
! µ+µ� branching fractions is �11% while that between the

B0
s
! µ+µ�� and B0! µ+µ� (B0

s
! µ+µ�) branching fractions is �25% (9%).

Two-dimensional profile likelihoods are evaluated by taking the ratio of the likelihood
value of a fit where the parameters of interest are fixed and the likelihood value of the
standard fit. They are shown in Figure 2 for the possible combinations of two branching
fractions.

An excess of B0
s
! µ+µ� decays with respect to the expectation from background is

observed with a significance of about 10 standard deviations (�), while the significance of
the B0! µ+µ� signal is 1.7�, as determined using Wilks’ theorem [56] from the di↵erence
in likelihood between fits with and without the specific signal component. The negative
fluctuation of the B0

s
! µ+µ�� signal has a 1.6� significance.

Since the B0 ! µ+µ� and B0
s
! µ+µ�� signals are not significant, an upper limit

on each branching fraction is set using the CLs method [57] with a profile likelihood
ratio as a one-sided test statistic [58]. The likelihoods are computed with the nuisance
parameters Gaussian-constrained to their fit values. The test statistic is then evaluated on
an ensemble of pseudoexperiments where the nuisance parameters are floated according
to their uncertainties. The resulting upper limit on B(B0 ! µ+µ�) is 2.6⇥ 10�10 at
95% CL, obtained without constraining the B0

s
! µ+µ�� yield. Similarly, the upper

limit on B(B0
s
! µ+µ��) with mµµ > 4.9GeV/c2 is evaluated to be 2.0⇥ 10�9 at 95% CL.

Fixing the B0
s
! µ+µ�� signal to zero, the B0

s
! µ+µ� branching fraction increases by

about 2% and the upper limit on B(B0! µ+µ�) decreases by about 10%.

5
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LHCb: highlights

1) New ‘ordinary’ hadrons

2) New ‘exotic’ hadrons: Tetraquark and pentaquark

3) Discovery ‘CP violation’ Bs
4) Discovery ‘CP violation’ charm

Hot topic:

5) Difference electron, muon, tau?



LHCb: new ‘ordinary’ hadrons

(ccu): Ξcc++  (buu): Σb(6097)+    (bdd): Σb(6097)-

•b
•u 
•u •b

•d 
•d•u

•c 
•c

•++ •+ •-



LHCb: new ‘exotic’ hadrons
(ccduu): Pc(4312)+          (cu cd): Tcc+(3875)

•u

•c 
•c

•u

•d

•u

•c 

•d

•c

•Nature Commun. 13 (2022) 1, 3351



LHCb: antimatter difference in Bs0

CP violation in Bs0

•Bs0→K+π- •Bs0→K-π+



LHCb: antimatter difference in charm
“CP violation”

 D0àK+K- same as 

 D0àK+K- ??

at least it is different compared to  
D0àπ+π-…:

  

as of the tagging pions or muons; the �2 of the D⇤+ and B vertex fits; the track quality
of the tagging pion and the charged-particle multiplicity in the event. Furthermore, the
total sample is split into subsamples taken with opposite magnetic-field polarities and
in di↵erent run periods. No evidence for unexpected dependences of �ACP is found
in any of these tests. A check using more stringent PID requirements is performed,
and all variations of �ACP are found to be compatible within statistical uncertainties.
An additional check concerns the measurement of �Abkg, that is the di↵erence of the
background raw asymmetries in K�K+ and ⇡�⇡+ final states. As the prompt background
is mainly composed of genuine D0 candidates paired with unrelated pions originating from
the PV, �Abkg is expected to be compatible with zero. A value of �Abkg = (�2±4)⇥10�4

is obtained.
The di↵erence of time-integrated CP asymmetries of D0

! K�K+ and D0
!⇡�⇡+

decays is measured using 13TeV pp collision data collected with the LHCb detector and
corresponding to an integrated luminosity of 6 fb�1. The results are

�A⇡-tagged
CP = [�18.2± 3.2 (stat.)± 0.9 (syst.)]⇥ 10�4,

�Aµ-tagged
CP = [�9± 8 (stat.)± 5 (syst.)]⇥ 10�4.

Both measurements are in good agreement with world averages [50] and previous LHCb
results [31, 32].

By combining previous LHCb measurements [31, 32] with these results, the following
value of �ACP is obtained

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes statistical and systematic contributions. The significance of
the deviation from zero corresponds to 5.3 standard deviations. This is the first observation
of CP violation in the decay of charm hadrons.

The interpretation of �ACP in terms of direct and indirect CP violation requires
knowledge of the reconstructed mean decay times for D0

! K�K+ and D0
! ⇡�⇡+

decays, as shown in Eq. (3). The relevant values corresponding to the present mea-
surements are �hti⇡-tagged /⌧(D0) = 0.135± 0.002, �htiµ-tagged /⌧(D0) = �0.003± 0.001,
hti⇡-tagged/⌧(D0) = 1.74 ± 0.10 and htiµ-tagged/⌧(D0) = 1.21 ± 0.01, whereas those cor-
responding to the combination with previous LHCb measurements are � hti /⌧(D0) =
0.115 ± 0.002 and hti/⌧(D0) = 1.71 ± 0.10. The uncertainties include statistical and
systematic contributions, and the world average of the D0 lifetime is used [51].

By using in addition the LHCb averages yCP = (5.7 ± 1.5) ⇥ 10�3 [52, 53]
and A� = (�2.8± 2.8)⇥ 10�4

' �aindCP [54, 55], from Eq. (3) it is possible to derive
�adirCP = (�15.6± 2.9)⇥ 10�4, which shows that, as expected, �ACP is primarily sen-
sitive to direct CP violation. The overall improvement in precision brought by the present
analysis to the knowledge of �adirCP is apparent when comparing with the value obtained
from previous measurements, �adirCP = (�13.4± 7.0)⇥ 10�4 [50].

In summary, this Letter reports the first observation of a nonzero CP asymmetry
in charm decays, using large samples of D0

! K�K+ and D0
! ⇡�⇡+ decays collected

with the LHCb detector. The result is consistent with, although at the upper end of,
SM expectations, which lie in the range 10�4–10�3 [8–13]. Beyond the SM, the rate of
CP violation could be enhanced. Unfortunately, present theoretical understanding does
not allow very precise predictions to be made, due to the presence of strong-interaction

7



LHCb: antimatter differences

(ds) 1964: CP violation with K0 (Nobelprize 1980)
(bd) 2000: CP violation with B0 (Nobelprize 2008)
(bs) 2012: CP violation with B0

s (LHCb)
(cu) 2019: CP violation with D0 (LHCb)



LHCb: highlights

1) New ‘ordinary’ hadrons

2) New ‘exotic’ hadrons: Tetraquark and pentaquark

3) Discovery ‘CP violation’ Bs
4) Discovery ‘CP violation’ charm

Hot topic:

5) Difference electron, muon, tau?







LHCb: hot topic



LHCb: hot topic

Flavour changing neutral current electroweak penguin

FCNC EWP



LHCb: hot topic

The original penguin: A real penguin: Our  penguin:



LHCb: hot topic
B− K−

W

t t

γ/Z0

b

u

µ/e

µ/e

s

u

Electrons and muons ‘behave’ 
differently?

?
!



LHCb: hot topic
B̄0 K∗

W

t t

γ/Z0

b

d

µ

µ

s

d

Angular distribution of muons?
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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LHCb: hot topic
Muons and taus ‘behave’ differently?

•N.Tuning - Genoa  - 23 Nov 2022
•NB: contours contain less than 68% CL… •5

8

B

D∗

W+b

c

ν

µ+/τ+

SM, 3.3 σ



LHCb: hot topic
Nieuw resultaat van okt 2022 

•N.Tuning - Genoa  - 23 Nov 2022
•https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html

•5
9

SM, 3.2 σ

B

D∗

W+b

c

ν

µ+/τ+

https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html


LHCb: what could it be?

W ′

b

ν

τ−

c

SM SU(2)’ Leptoquark

LQb

ν

τ−

c

LQb

µ+

µ−

s



LHCb searches for new particles
to find answers to Big Questions

I. Anti-matter??
(where did it go)

III. Dark matter??
(what clustered the galaxies)

II. Higgs?? 
(what makes particles heavy)



Thank you!



Higgs en LHCb



What is yet unknown?  “Higgs”

Mass of particles
Neutrino’s 
Electron     

Muon         

Tau             

up,down, strange

Top quark

bottom

charm

The Higgs boson:
ensures that particles have mass 
in the theory

Curious prediction:



What is mass ?? Anno 1687

Mass is de ‘exchange rate’ between force and acceleration:

Does not describe what mass is ...

F = m x a

Newton



What is mass ?? Anno 1905

Mass is energy

Describes what mass is ! 

But not where it comes from …

E = m x c2

Einstein



What is mass ?? Anno 1964

Mass of elementary particles is due to

“friction” of ubiquitous  ‘Higgs field’

Huh? 

Higgs

m: ψψH



What is mass ?? Anno 1964

Mass of elementary particles is due to

“friction” of ubiquitous  ‘Higgs field’

m: ψψH



Modelling  interactions

Standard Model 
Lagrangian

Music (J.S. Bach)



How do collissions look like?

proton

proton

quark
neutrino

electron

quark quark

quark

Simulation top quark production



Normal

How are discoveries made?

New ?

?

muon

muon

muon

muon



Higgs à ZZ à 4 leptons
small number of beautiful events

120.000 Higgs bosons

with Higgs        68 events

‘other’             52 events            

• Only 1 in 1000 Higgs bosons 
  decays to 4 leptons

•50% chance that ATLAS detector finds them

60 (Higgs à 4 lepton) events

higgs
Z

Z

HàZZ à l+l-l+l- 

l+

l-
l-
l-

peak !?



peak !?

Higgs à 2 photons

Hàγγ decay

higgs

photon

photon



Interpretation of excess

Probability of observing excess smaller 
than 1 in 1 milion

Claim discovery if:

Throwing 8 times 6 in a row



Discovery in slow-motion

•dec
/11

•jul/
11

•dec
/11

•jul/
11

•mar
/12 •dec

/11

•jul/
11

•mar
/12

•jul/
12

dec/11

jul/11mar/12

aug/12

jul/12

Time-line higgs discovery



Discovery of Higgs particle on July 4, 2012



Why is Higgs so special?



Why is Higgs so special?

Higgs has unique role in world of elementary particles

ψ: “normal” particles

φ: Higgs

Half of T-shirt is about Higgs!



12 particles 4 forces

+ Higgs



Higgs and LHCb?

m: ψψH



Higgs and LHCb?

Yij: coupling between quarks i,j

ψ: quarks



Higgs and LHCb?

Yij: coupling between quarks i,j

ψ: quarks
qi

qj

W

Vij



Higgs and LHCb?

u

d

t

c

bs
CKM magnitudes

Why the ranking in quark couplings?

Why the ranking in quark masses?

à Is there a connection?



  

Where did the anti-matter go? 

80% of all matter in the Universe is unknown
à dark materie

  Higgs boson and quark couplings? 
  (what is the connection) ?

- why does gravitaty not fit in SM, extra dimensions, why 3 families, fermions fundamental
  particles, supersymmetry,  protons stable, quantisation electric charge, exploding
  quantum corrections, small neutrino masses, string theory, …

A few ‘small’ things:

1

2

3



Einde



Higgs and the 
Universum



Higgs: Particle? Field?

Particle Field 

e+ e-

Photon (light particle) Electrical field



Why is the Higgs particle so special?

Apparent massa

Particle

Higgs field

H production

higgs

proton

proton

As if the fish discovered the water he’s in…

Particle Field 



The Higgs field – can you see it?

The Higgs field is uniform – like the lake in this picture

Making a Higgs particle is like a ripple on the water

Theory of Higgs: 
if the field exists, also 

    the particle exist



What is mass ?? Anno 1964

Mass of elementary particles is due to

“friction” of ubiquitous  ‘Higgs field’

m: ψψH



What is mass? 

Mass of elementary particles is due to

“friction” of ubiquitous  ‘Higgs field’

Revolutionary – with spectaculair consequences : 

space is not empty, but filled with sort of ‘ether’

Elementary particle
in empty space:
no rest-energy=
no mass

Elementary particle
in Higgs field:
rest energy = 
interaction with Higgs field
= mass!

Einstein: 
proton mass = 
binding energy



If the Mars 
pathfinder finds 
life …

… 1000 new 
questions arrise



Higgs’ properties as expected?

Higgs boson mass (GeV)

mh=125 GeV

prediction measurement

Standard Model



Higgs’ properties as expected?

Are there more Higgs particles?



One step further…



Another field: the Big Bang

One of Higgs’ properties match that of another field…

The inflaton that inflated the Universe between 10-33 and 10-32 
seconds after the Big Bang



Another field: the Big Bang



Een ander veld: de Big Bang



  

•Higgs particle discovered in Geneve

  Universe filled with the Higgs field

  Higgs properties as expected?

Higgs:

1

2

3



  

Where did the anti-matter go? 

80% of all matter in the Universe is unknown
à dark materie

  Higgs boson and quark couplings? 
  (what is the connection) ?

- why does gravitaty not fit in SM, extra dimensions, why 3 families, fermions fundamental
  particles, supersymmetry,  protons stable, quantisation electric charge, exploding
  quantum corrections, small neutrino masses, string theory, …

A few ‘small’ things:

4

5

6



EINDE



What is the purpose of this research?

Fundamental research
– Leads to surprises,

• Sometimes even useful…

• But always unknown 

“Infinite amount of applied research on 
candles, would never have brought us 
electric light.”



What is the purpose of this research?

Fundamental research
– Leads to surprises,

• Sometimes even useful…

• But always unknown 

“Without theory of 
relativity, GPS would  
be wrong by 
10km/day !”



What is the purpose of this research?

Fundamental research
– Brings useful spin-off

• Medical applications

• Internet

• Educating researchers for society (Philips, ASML, 
etc, etc)

PET scan www



LHCb: How further?

§ More precise! à Upgrade (2018)

 



LHCb: Upgrade - Trigger

§ Precise à More luminosity

1) More luminosity à Higher trigger rate

2) More luminosity à Higher threshold

§ Higher threshold à Less events …

Solution: 
Smarter trigger à all events to CPU farm:

Ø Readout @40 MHz, not 1 MHz …

Number of events:

Higher lumi doesn’t 
help, unless we change 
the trigger



LHCb: Upgrade - Detectors
§ Precise à More luminosity

§ More luminosity à Higher particle rate

§ Higher particle rate à Occupancy too large in Outer Tracker

Ø 2 options:

 

1) Inner Tracker becomes Scintil. Fiber,
 Outer Tracker becomes less

2) Inner Tracker becomes bigger,
     Outer Tracker becomes smaller

CENTRAL TRACKER

OUTER 
TRACKER

OUTER 
TRACKER

OUTER TRACKER

INNER TRACKER


